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Model membraneThe thermotropic and structural effects of low molecular weight poly(malic acid) (PMLA) on fully hydrated
multilamellar dipalmitoylphosphatidylcholine (DPPC)–water systems were investigated using differential
scanning calorimetry (DSC), small-angle X-ray scattering (SAXS), and freeze-fracture transmission electron
microscopy (FFTEM). Systems of 20 wt% DPPC concentration and 1 and 5 wt% PMLA to lipid ratios were stud-
ied. The PMLA derivatives changed the thermal behavior of DPPC signiﬁcantly and caused a drastic loss in cor-
relation between lamellae in the three characteristic thermotropic states (i.e., in the gel, rippled gel and liquid
crystalline phases). In the presence of PBS or NaCl, the perturbation was more moderate. The structural be-
havior on the atomic level was revealed by FTIR spectroscopy. The molecular interactions between DPPC
and PMLA were simulated via modeling its measured infrared spectra, and their peculiar spectral features
were interpreted. Through this interpretation, the poly(malic acid) is inferred to attach to the headgroups
of the phospholipids through hydrogen bonds between the free hydroxil groups of PMLA and the
phosphodiester groups of DPPC.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Developing drug delivery systems that minimize harmful side-
effects and increase both the drug bioavailability and the fraction of
the drug accumulated in the required zone is a signiﬁcant challenge
for scientists. Polymeric nanoparticles opened new and innovative di-
rections in the ﬁeld of targeted drug delivery in recent decades. The
multiple possible modiﬁcations of these nanoparticles enable various
drug molecules and targeting agents, to be dissolved, encapsulated, or
attached to them. For drug delivery applications, nanoparticles must
be biodegradable and the degradation products must not be toxic
[1–6]. Poly(malic acid) (PMLA)-based nanoparticles (such as
polyceﬁn) are promising drug carrier candidates [1,2,6–11]. PMLA
(Fig. 1) is a biocompatible polyester. PMLA is degradable by hydroly-
sis, leading to the production of nontoxic malic acid. The main chain
of PMLA contains additional carboxylic groups, which can be used
to introduce various bioactive ligands. Since the ﬁrst chemical synthe-
sis of PMLA at the end of 1970s [12], many routes have been reported
on the synthesis of racemic PMLA and the optically active
poly(β-malic acid) [13].
The toxicity of polymer nanoparticles was studied from several as-
pects according to the literature. As reported by Maassen et al. [14],nyi).
rights reserved.the cytotoxicity of nanospheres may be due to many factors, includ-
ing (1) the release of degradation products, (2) the stimulation of
cells and the subsequent release of inﬂammatory mediators, and (3)
membrane adhesion [14,15]. Martinez Barbosa et al. investigated
not only the cytotoxicity of PMLA-based nanoparticles but also the
toxicity of the degradation products [7]. They found a relation be-
tween the cytotoxicity and the rate of polymer degradation. This rela-
tion may originate from the low molecular weight degradation
products, which can easily diffuse into cells.
The goal of this study is to model the degradation products of
low molecular weight PMLA and to investigate their effect on
dipalmitoylphosphatidylcholine vesicles to obtain detailed informa-
tion about the interactions between macromolecules and phospho-
lipid bilayers. Apart from the fact that liposomes are widely used
as vehicles for different drugs, they are often examined as model
cell membranes because they contain lipid bilayers as the basic
structural unit [16]. Differential scanning calorimetry (DSC),
small-angle X-ray scattering (SAXS) and freeze-fracture transmis-
sion electron microscopy (FFTEM) are some prevalent methods to
characterize liposomes and monitor the structural changes caused
by other molecules. Thermal characterization with DSC provides in-
formation on the phase behavior of the phospholipid bilayers, as one
can deduce the lamellarity from a SAXS pattern of a liposomal sys-
tem and establish the characteristic distances between lamellae.
FFTEM provides direct information about the morphology of the
Fig. 1. Malic acid and poly(malic acid).
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structure and organization of lipid bilayers. Changes in the frequen-
cies and widths of vibrational bands and/or splitting the spectral
features provide information on the interactions between lipids
and macromolecules [20,21]. The vibrational spectra and conforma-
tions of DPPC/PMLA and DPPC/water systems were modeled using
ab initio and molecular mechanics [22,23] to understand the molec-
ular interactions and motions involved. Although there is a vast
amount of literature on the structural and vibrational behavior of
very different DPPC systems using either experimental techniques
or molecular mechanics and dynamics modeling, the literature on
simulating the vibrational spectra of these systems, especially
those investigated in this work, is very limited [24–26].
2. Materials and methods
2.1. Materials
Highly puriﬁed synthetic 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) was purchased from the NOF Corporation.
Phosphate buffered saline (PBS) powder was obtained from Sigma-
Aldrich. All materials were used without further puriﬁcation.
The synthesis of the PMLA was based on the polycondensation
reaction described by Kajiyama et al. [27,28], though an organic tin
catalyst was not used. The polymeric substance was characterized
by the IR spectrum, the speciﬁc rotation (α=−24.60; c=2, water)
and the degradation temperature (T=207–209 °C). The molecular
weight distribution of poly(malic acid) dissolved in water was sur-
veyed by liquid chromatography–mass spectrometry. The solution
contained molecules from monomers up to units consisting thirteen
monomers; however, tetramers were the most common formations.
DPPC was hydrated in water to obtain a control sample with
20 wt% lipid content. Mixtures of PMLA and DPPC were prepared at
0.01 and 0.05 polymer/lipid weight ratios. PMLA was dissolved in
water, and the solution was added to DPPC. The ﬁnal lipid content
was 20 wt%. Another batch of samples was prepared in 10 mM PBS
solution (pH 7.4) instead of pure water. In every case, hydration
was followed by heating to 60 °C, cooling to 4 °C, and reheating to
60 °C, while intensive vortexing was applied. The latter procedure
was repeated several times to achieve homogeneous dispersions.
Descriptions of the samples are presented in Table 1.
2.2. Differential scanning calorimetry
Samples were examined with a Setaram μDSC3 evo apparatus. All
samples were scanned at least three times from 25 °C to 70 °C. TheTable 1
Sample characteristics.
Sample name DPPC/PMLA weight ratio Medium of hydration
PCPMw01 100:1 Water
PCPMw05 100:5 Water
PCPMb01 100:1 PBS
PCPMb05 100:5 PBSscan rate was initially 1 °C/min, 0.5 °C/min during the heating period,
and 1 °C/min during the cooling period. An empty sample holder was
used as a reference. The quantities of the samples used for the DSC
measurements were approximately 10 mg.2.3. Small-angle X-ray scattering
Small-angle X-ray scattering measurements were performed
using a modiﬁed compact Kratky-type camera with slit collimation,
and the intensity curves of SAXS were corrected by considering the
geometry of the beam proﬁle. Desmearing was performed using the
software package “3Dview” that uses the direct desmearing method
described by Singh et al. [29]. The X-ray source was a Cu-anode sealed
X-ray tube. The scattering of Ni-ﬁltered CuKα radiation (λ=1.542 Å)
was recorded in the small-angle range from s=10−3 to 10−1 Å−1.
The scattering variable is deﬁned as s=2sinΘ/λ, where 2Θ is the scat-
tering angle with the relationship s=1/d, where d is a characteristic
periodicity in the sample. Thin-walled quartz capillaries with an aver-
age diameter of 1 mm were ﬁlled with the samples. The capillary
containing the sample under study was inserted into a metal capillary
holder, which was then placed into an aluminum block. To perform
the measurements, this block was positioned directly in the beam
line, and it was used as a thermal mass for controlled annealing at dif-
ferent temperatures. X-ray measurements were performed after
15 min of temperature stabilization of the samples at the respective
temperatures. The exposure time was 1000 s for the X-ray detection.2.4. Freeze-fracture transmission electron microscopy
Freeze-fracture electron microscopy was used for direct visualiza-
tion of the evolved structures. The gold sample holders used in
freeze-fracture were ﬁrst incubated at 24 °C, i.e., the same temperature
as the samples. Droplets of 1–2 μl of the sample were pipetted onto the
gold sample holders and frozen by plunging the holders immediately
into partially solidiﬁed freon for 20 s and stored in liquid nitrogen. Frac-
turing was performed at−100 °C with a Balzers freeze-fracture device
(Balzers BAF 400D, Balzers AG, Vaduz, Liechtenstein). The replicas of the
fractured faces etched at −100 °C were made by platinum-carbon
shadowing, cleaned with a water solution of surfactant and washed
with distilled water. The replicas were placed on 200-mesh copper
grids and examined with a MORGANI 268D transmission electron
microscope.2.5. ATR-FTIR spectroscopy
ATR-FTIR (Attenuated Total Reﬂection Fourier Transform Infrared)
measurements were recorded on a Varian 2000 FTIR (Scimitar Series)
spectrometer with a ‘GoldenGate’ (Specac) ATR accessory (diamond
ATR element, single reﬂection, 600×600 μm active area) using 256
scans at a resolution of 2 cm−1. The spectral deconvolution of select-
ed bands was performed using mixed Gaussian and Lorentzian func-
tions. The GRAMS/32 software package was used for all spectral
analyses.2.6. Computer modeling
In the computer simulation, the Spartan [22] and Gaussian [23]
packages were used for ab initio and density functional (DFT) calcula-
tions, as well as molecular mechanics (MM) calculations, to estimate
equilibrium geometries, energies, thermodynamic properties and fre-
quencies (to model infrared spectra). We introduce a goal-oriented
calculation in the discussion.
Table 2
Calorimetric data obtained from DPPC MLVs containing PMLA.
Sample name Pretransition Main transition
Tm (°C) ΔH (kJ/mol) Tm (°C) ΔH (kJ/mol)
DPPC/H2O 35.7 5.5 41.5 36.6
PCPMw01 33.8 2.3 41.9 34.9
PCPMw05 35.4 1.3 42.0 36.0
DPPC/PBS 35.2 4.4 41.8 34.8
PCPMb01 34.2 3.6 42.1 37.5
PCPMb05 36.2 1.9 41.5 36.5
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3.1. DSC experiments
DPPC lipids spontaneously form multilamellar vesicles (MLVs) in
water. The fully hydrated DPPC/water system undergoes two phase
transitions with increasing temperature in the temperature range ex-
amined: a pretransition from the gel state (Lβ′) to the rippled gel state
(Pβ′) at approximately 34 °C, and a main transition to the liquid crys-
talline state (Lα) at 41 °C. The pretransition exhibits a relatively small
enthalpy change, which is mainly due to the rotation of the polar
headgroups. The main transition is due to the cooperative melting
of the hydrocarbon chains, wherein certain C\C single bond conﬁgu-
rations change from trans to gauche. The main transition exhibits a
well-deﬁned transition temperature (41.1 °C) and enthalpy change
(ΔH=36.5 kJ/mol) [30]. These phase transitions can also be followed
in the presence of foreign molecules by DSC (Fig. 2). The thermo-
grams are very sensitive to changes, e.g., when DPPC is suspended
in 10 mM PBS solution instead of ion-exchanged water, where the
peak of the main transition becomes sharper and more symmetric.
The shape of the peak refers to the cooperativity of the chain melting,
i.e., a sharper peak indicates that more molecules are simultaneously
melting [18,31,32].
Thermograms of hydrated DPPC/PMLA systems are presented in
Fig. 2, and the phase transition parameters are listed in Table 2. Even
an amount of PMLA as small as 1 wt% added to the lipid (PCPMw01) af-
fects the thermal behavior of the liposomes. The effect becomes notice-
ably heterogeneous according to the two shoulders of the main
transition peak (43.1 °C and 43.9 °C). A shift of the pretransition peak
to a lower temperature is observed. The ΔH of the pretransition and
main transition decreases in the presence of PMLA. In addition, there
is a decrease in the value of the cooperative unit of the main transition,
which indicates a destabilization of the membrane [33]. Due to the ob-
served decrease in the temperature and the enthalpy change of the
pretransition peak, the PMLA is likely adsorbed to the headgroup-
region of the bilayers. This thermal behavior can be due to the altered
charge state of the phosphocholine-group (i.e., the PMLA at this concen-
tration produces pH 2.2 and the pKa of DPPC is 3.8–4.0 [34], so under
these conditions DPPC is positively charged) and/or due to the adsorp-
tion of the PMLA onto the surface. Because the peripheral association of
molecules to the surface of the bilayers can lead to high temperature
shoulders [35], we expect the latter.
The sample containing a larger amount of polymer (PCPMw05)
exhibits an obviously perturbed endotherm. The temperature of theFig. 2. DSC thermograms of 20 wt% DPPC in double distilled water (DPPC/H2O) and PBS solu
5 wt% PMLA/DPPC ratio (PCPMw05); phosphate buffered saline-based systems: 1 wt% PMLpretransition peak does not change, though ΔH decreases, indicating
an increased mobility in the polar region. The main transition exhibits
a complex peak, containing a shoulder at 43.0 °C and a humpat approx-
imately 45 °C. In addition, a new, less intensive peak evolves at 48.1 °C.
These changes observed in the DSC endotherm suggest that PMLA
binds to the bilayer surface and that this interaction becomes stron-
ger with increasing polymer concentration. It is difﬁcult to simply
determine from the DSC measurements whether the forces between
poly(malic acid) and DPPC arise from charge–charge interactions be-
tween carboxylate anions and phosphocholine groups or from hy-
drogen bonding between free –OH groups and the phosphodiester
headgroup [36].
According to the DSCmeasurements (Fig. 2), when 10 mM PBS so-
lution was used for hydration instead of pure water, liposomes were
less perturbed when 1 wt% PMLA was added (PCPMb01). Neither
the position nor the enthalpy change of the pretransition peak altered
signiﬁcantly compared to the DPPC/PBS system; only the peak of the
main transition shifted slightly to higher temperature, and the corre-
sponding ΔH increased. This indicates a type of stabilization of the gel
phase [37]. There is also a signiﬁcant decrease in the cooperativity
due to the presence of the polymer; however, the rate of this change
is less than that observed for PCPMw01. It seems that the effect of
PMLA is not predominant in PBS because of the presence of NaCl
and/or because of the neutral pH.
The thermograms were signiﬁcantly changed when 5 wt% PMLA
was added to the lipids (PCPMb05). The pretransition peak shifted
to a higher temperature, and ΔH decreased appreciably. A complex
peak appeared that was related to the split of the main transition
into two distinct ones (42.1 °C and 43.1 °C) with a broad shoulder
at approximately 44.6 °C. Furthermore, a small peak was observed
at 48.0 °C, which is similar to the case of PCPMw05. It seems that
phosphate buffered saline solution does not inﬂuence the strongtion (10 mM, pH 7.4); water-based systems: 1 wt% PMLA/DPPC ratio (PCPMw01) and
A/DPPC ratio (PCPMb01) and 5 wt% PMLA/DPPC ratio (PCPMb05).
Table 3
Characteristic distances (d) between layers in MLVs containing PMLA calculated from
the ﬁrst-order peak position (d=1/s) obtained from the SAXS curves.
Sample name Lβ′ Pβ′ Lα
d (Å)
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polymer is added at 5 wt% to the lipids. Presumably, when less
poly(malic acid) is present, the sodium ions screen the charges of
PMLA as well as those of the lipids, thereby explaining why the ther-
motropic character of the bilayers does not change so drastically.DPPC/H2O 63 71 65
DPPC/PBS 62 71 65
PCPMw01 – – –
PCPMw05 – – –
PCPMw01+NaCl 65 67 61
PCPMb01 64 72 68
PCPMb05 68 73 713.2. SAXS measurements
Multilamellar liposomes contain many periodically packed bilay-
ers with an average periodicity that ranges between 50 and 70 Å,
which can be measured by small-angle X-ray scattering. Bragg
peaks appear in the SAXS pattern at the position s=n/d, where n is
the order of the reﬂection. The fully hydrated DPPC/water system ex-
hibits a well-established structure. The characteristic distances of the
layer arrangement are as follows: 63 Å in Lβ′ phase, 71 Å in Pβ′ phase
and 65 Å in Lα phase. In accordance with the thermotropic behavior
of these systems, structural studies were performed at 25 °C, 38 °C,
and 46 °C (Fig. 3, Table 3). Our results are in agreement with the lit-
erature data [38]. Furthermore, the shape of a reﬂection peak in a
SAXS curve provides structural information. A sharper peak indicates
that the stacks of layers are more ordered. Even the presence of as lit-
tle as 10 mM of PBS solution causes a little broadening of the peaks,
especially for the Pβ′ phase, but it does not inﬂuence the size of the
periodic distances.
The addition of PMLA causes a major perturbation in the structure
of the vesicles. The relevant SAXS patterns are presented in Fig. 3. The
major change in the patterns of the DPPC/PMLA/water systems is that
no Bragg reﬂections appear, and only a broad “hump” is observed.
This hump corresponds to the form factor of single layers F(s) (the
Fourier transform of the electron density proﬁle), the appearance of
which indicates that the correlation between the layers in the emul-
sion is very weak [39–42].Fig. 3. SAXS patterns of hydrated DPPC vesicles measured at different temperatures: PMLA-
icles (PCPMb01, PCPMb05).These observations stated above indicate that PMLA disrupts the
regular multilamellar arrangement of the liposomes. This disruption
may be due to the hydrolysis of lipids caused by the low pH or to
the steric and/or electrostatic effect of the polymer when it is at-
tached to the headgroups, causing the layers to swell. To determine
the origin of this phenomenon, NaCl was added to the sample
PCPMw01 and subsequently vortexed intensively, followed by char-
acterization using SAXS. Fig. 3 reveals that Bragg peaks reappear
(s1=1/65 Å) in the SAXS measurement, but they are broadened in
comparison to the pure system. Additionally, the characteristic dis-
tances of the layer arrangement increase in the gel state but decrease
in rippled-gel and liquid crystalline phases compared to both the
DPPC/H2O and DPPC/PBS systems. This change in the characteristic
distances indicates that the multilamellar structure is partially
reconstructed and that PMLA is located between the lipid bilayers. It
seems that chemical deconstruction of lipids did not occur at a con-
siderable rate; otherwise, the layer packing would not have been
reconstructed. We also investigated the effect of low pH on the vesi-
cles by adding dilute hydrochloric acid solution (with pH 2.2, i.e., theperturbed hydrated DPPC systems (PCPMw01, PCPMw05); PBS solution-hydrated ves-
Fig. 4. Freeze-fracture TEM images of samples DPPC/H2O (A), PCPMw05 (B) and
PCPMb05 (C).
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results (not published) indicate that due to the low pH, the layers
started to swell. The swelling can be understood as follows. At this
low pH, lipids are positively charged (as mentioned above), and elec-
trostatic repulsion thus occurs between the layers.
We assume that the signiﬁcant perturbation caused by PMLA on
the structure of DPPC/water vesicles is due to the alteration in the
electric charges on the lipid headgroups. When these charges are
screened, multilamellar liposomes can form that heterogeneously
contain PMLA between the bilayers.
For the samples that were prepared in buffer solution, SAXS pat-
terns (presented in Fig. 3) also indicate that the presence of PMLA
causes minor changes in the characteristics of the layer arrangement.
At a 0.01 polymer/lipid weight ratio, the Bragg peaks are broadened,
which indicates the presence of the polymer. The characteristic dis-
tance increases signiﬁcantly only in the liquid crystalline phase. The
broadening of the Bragg peaks in the Lβ′ and Pβ′ phases becomes
more signiﬁcant at a 0.05 weight ratio. Furthermore, the distances be-
tween layers increase in all three phases. We can thus conclude that
PMLA is positioned between the bilayers and causes a loss of correla-
tion between their arrangements.
3.3. FFTEM observations
TEM images obtained on replicas from freeze-fractured samples
provide visual information on the effect of PMLA on DPPC-based vesi-
cles. Fig. 4/B shows that there are no arranged layers in the PMPCw05
sample: loosely packed stacks of curved layers are present, while the
water regions between them are extremely extended, so the correlation
of the layers is hindered, causing the disappearance of the Bragg reﬂec-
tions in the SAXS patterns (Fig. 3). In contrast, multiple well-correlated
layers are present in the PMPCb05 sample (Fig. 4/C): large, laterally
micrometer-size, tightly packed layers are visible, resulting in the
reconstructed Bragg peaks shown in Fig. 3.
3.4. FTIR spectroscopy
To obtain information on the possible interactions between PMLA
and lipid molecules, infrared spectra of hydrated DPPC/PMLA
systems were measured at room temperature. The spectral regions
selected for investigation were the symmetric CH2 stretching vibra-
tion (2588–2580 cm−1), the carbonyl stretching mode C=O
(1800–1680 cm−1) and the phosphate headgroup vibration region
(1260–1000 cm−1) (Fig. 5). No signiﬁcant spectral differences
were observed due to the presence of PMLA in the DPPC system com-
pared to the control DPPC/water suspension. This lack of difference
indicates that, despite the high acidity of the poly(malic acid) solu-
tion (pH=2.2), prompt destructive hydrolysis of the phospholipid
molecules does not occur.
3.4.1. Lipid order and packing
The frequency of the peak position of the methylene stretching
band (νs CH2) is a common parameter used to detect the conforma-
tional disorder and mobility of the hydrocarbon chain [21]. No nota-
ble change was observed in the νs CH2 frequency (Fig. 5) due to the
presence of PMLA in the DPPC system, indicating that poly(malic
acid) has no effect on the lipid order and packing under our experi-
mental conditions.
3.4.2. Sites of hydrations
The phosphate and carbonyl frequencies are widely used as sensors
for changes in hydration at the interface region or at the headgroup.
The polar–apolar interface of DPPC is represented by ester carbonyl
groups with a C=O stretching band between 1800 and 1600 cm−1. In
highly hydrated bilayers, this band splits into two overlapping compo-
nents: a high wavenumber band at approximately 1742 cm−1 of thenon-hydrogen bonded C=O groups and a lowwavenumber band at ap-
proximately 1728 cm−1, due to the hydrogen bonding of the C=O
groups [43–46]. The exact positions of these bands are also affected by
the geometry of the glycerolmoieties and the packing of the alkyl chains.
Fig. 6 presents the results of a curve ﬁtting analysis (band positions were
estimated using the second derivative, and band shapes were approxi-
mated by mixed Gaussian and Lorentzian functions until the minimal
χ2 parameter was obtained). For the DPPC/PMLA/water system with
rather high acidity, the relative intensity of the non-hydrogen bonded
C=O band increases compared to that of the “pure” DPPC/water lipo-
somes (Fig. 6), indicating a dehydration of the lipid interface region. In
the presence of the buffer, however, this phenomenon is suppressed. As-
suming that no change in the alkyl region occurs, the variation in the
overall band shape of the C=O band can be related to the change in
the “secondary hydration shell” of the lipid. This altered secondary hy-
dration shell can contribute to the variations of the dipole potential of
the lipid membrane surface.
Fig. 5. ATR-FTIR spectra of liposomes recorded at room temperature (24 °C). From bottom to top: DPPC/water; DPPC/PMLA/H2O system (PCPMw05); DPPC/PMLA/PBS system
(PCPMb05).
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brations in the DPPC spectrum [47,48]. Asymmetric and symmetric
stretching modes of the PO2− group exhibit bands in the region from
1230–1220 cm−1 and at 1085 cm−1, respectively, with the former
being superimposed onto the weak band series of the CH2 wagging
progression [49]. The R–O–P–O–R′ stretching of phosphate-diester
appears as a shoulder near the νs PO2− band at approximately
1060 cm−1. The asymmetric PO2− stretching (νas PO2−) band is the
most sensitive for the hydrated state: due to the H-bondedwatermol-
ecules, it exhibits the maximum at 1222 cm−1 in the fully hydrated
state, while it shifts towards higher wavenumbers (~1243 cm−1) in
the dry state. In contrast to the dehydration experienced for the C=O
groups, different concentrations of PMLA in liposomes do not change
the position of νas PO2−. Only the relative intensities of the νs PO2−
and ν R-O-P-O-R′ bands changed slightly in the spectra of the
DPPC/PMLA system compared to the case of the “pure” DPPC/water
system, due to the presence of foreign molecules between the lipid
bilayers (Fig. 5).
Investigating the νas PO2− stretching mode in the DPPC/PMLA dry
ﬁlm spectra, the H-bonded PO2− asymmetric stretching band of the
phosphate moiety is still present (at 1222 cm−1), and its intensityFig. 6. ATR-FTIR spectra of the carbonyl stretch region (1800–1600 cm−1). The solid black lin
ing to intact and H-bonded C=O groups, respectively; the green lines are ﬁtted bands belong
lines are ﬁtted bands, which may be related to fatty acids (impurities or hydrolysis results)increases with increasing concentration of PMLA (Fig. 7). This ob-
served behavior demonstrates a direct interaction between DPPC
and PMLA molecules. One can presume that the occurring free OH
groups of malic acid/poly(malic acid) might mimic the water of hy-
dration. Due to steric hindrance, the carbonyl groups of DPPC posi-
tioned at the interface region are not accessed by PMLA.
3.4.3. Computer simulation of the molecular interactions in the DPPC/
PMLA system via modeling its measured infrared spectra
We have considered an individual DPPC from the bilayer, fourwater
molecules, and a malic acid monomer in calculating the IR spectra. The
notations DPPC (dehydrated), DPPC/water and DPPC/malic acid/water
refer to the experimentally prepared systems as described above,
while the notations DPPC, DPPC+4H2O and DPPC+malic acid refer
to our computing models. The equilibrium structures are shown in
Fig. 8. The direction of the dipole moment exhibits almost no change,
indicating that the global structure of a bilayer does not change notice-
ably with respect to this calculated value.
The Spartan program (molecular mechanics) was used to calculate
the absorption frequencies of the IR spectra, focusing on the PO2−
functional group in DPPC. This group yields characteristic bands,es are the measured spectra; the red and the blue lines are the ﬁtted bands correspond-
ing to the C=O stretch of the malic acid/poly(malic acid) components; and the dashed
and residual water (inaccurate spectral subtraction).
Fig. 7. ATR-FTIR spectra of dry ﬁlms of PMA/DPPC/PBS systems. For comparison, dry ﬁlm spectra of pure DPPC/water and DPPC/PBS are presented. From bottom to top: DPPC/water
system; DPPC/PBS system; DPPC/PMLA/PBS systems with 1 wt% PMLA/DPPC ratio (PCPMb01) and 5 wt% PMLA/DPPC ratio (PCPMb05).
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effects on the peaks. The plot of calculated PO2− vibrations is shown
in Fig. 9. Differences between the three systems are observed in
the spectral region over 1250 cm−1: experimental PO2− vibrations
of hydrated/dehydrated DPPC were obtained at 1222/1243 cm−1
(21 cm−1 shift, Fig. 7), which are comparable to our calculated values
1263/1287 (24 cm−1 shift, Fig. 9). We conclude from our computer
investigation that the partially positive hydrogen atoms in water mol-
ecules quench the vibration of PO2− via the negative electron lobes of
oxygen atoms in PO2−, which is plausible.Fig. 8. Different simulated molecular environments for the headgroup of DPPC from a bi-
layer:without guestmolecules, in contact with fourwatermolecules, andwithmalic acid.After drying the DPPC/malic acid/water system to form the DPPC/
malic acid system, the dehydrated PO2− vibration interestingly appears
at approximately the same position as the hydrated PO2− (1222 cm−1,
Fig. 7), while this peak appears at 1243 cm−1 for a normal water-free
DPPC system (Fig. 7). The malic acid can substitute for the effect of
water in this respect, i.e., according to Fig. 8, certain hydrogen atoms
in malic acid play a similar role as the hydrogen atoms in water mole-
cules when quenching the PO2−vibration. The calculation (Fig. 9) is re-
markable because the DPPC system (dehydrated, PO2− peak at
1287 cm−1) separates from the DPPC+4H2O (hydrated, PO2− peak at
1263 cm−1) and DPPC+malic acid (PO2− peak at 1269 cm−1) system
with approximately the same frequency shift. We conclude from our
computer investigation that the electron lobes of oxygen atoms in the
PO2− group in DPPC and the hydrogen atoms of two OH groups and
the hydrogen atom of CH in the malic acid inter-molecularly affect
each other in the same manner as the hydrogen atoms in water in the
DPPC+4H2O system, which is also plausible.Fig. 9. Plot of PO2− vibration from a subset of the calculated IR spectrum.
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The results of this study indicate that poly(malic acid) interacts with
the headgroups of phospholipids and changes the thermal properties
and packing feature of the DPPC bilayers. From the DSC endotherms,
the ΔH of the pretransition and main transition decreases, and a reduc-
tion in the cooperativity of the main transition is observed when PMLA
is present, compared to the case of a pure DPPC/water system. Mean-
while, SAXS results suggest that PMLA hinders DPPC to form a
multilamellar structure, consisting of primarily miscorrelated layers.
This multilamellar structure can be attributed to the low pH caused by
the polyacid and thus to the change in the electrostatic state of the lipids.
Using PBS buffer instead of pure water makes the perturbation
caused by PMLA less drastic. According to the DSC endotherms, when
the polymer/lipid ratio is 1 wt%, only the reduced cooperativity indi-
cates the presence of PMLA. A complex endotherm is observed at
5 wt% PMLA, caused by a strong interaction between the layer surface
and polymer. Due to the buffer effect, MLVs can be formed, as indicated
by SAXS measurements and electron micrographs; however, the layers
are less correlated and the characteristic distances increase due to the
presence of the incorporated polymer.
FTIR spectroscopy demonstrates that there is a change in the di-
pole potential of the lipid membrane surface when PMLA is present
compared to the case of the DPPC/water system. However, this
change is suppressed in the presence of PBS. In addition, hydrogen
bonds are demonstrated to form between the free hydroxil groups
of PMLA and the phosphodiester groups of DPPC. The incorporation
of the polymer results in a reduced hydration in the polar region
and may decrease the dipole potential in the lipid membrane inter-
face because of the contribution of water molecules. Eventually, the
changes in the dipole potential may increase the thickness of the
water layer at each side of bilayers, where the signiﬁcant loss in
layer correlation exists, as observed directly from the SAXS patterns.
In summary, the low molecular weight PMLA interacts with the
headgroups of lipids in liposomes and causes the swelling of the
layers in the absence of buffer. However, when the acidity of the poly-
mer is not dominant, PMLA does not signiﬁcantly disrupt the struc-
ture of liposomes. Thus, low molecular weight PMLA likely does not
disrupt cell membranes either.
These results can impact the ﬁeld of liposomal drug delivery, as
attaching charged polymers (such as PMLA) to the surface of
unilamellar liposomes can provide them with steric stability.
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